Abstract: We report on the first experimental observation of bound states of vector dissipative solitons (VDSs) in an erbium-doped fiber laser mode locked with a semiconductor saturable absorber mirror and operated in the normal dispersion regime. Bound states of either the coherently coupled VDSs or the incoherently coupled VDSs were obtained. No polarization evolution was observed for either of the bound VDSs. Both types of bound VDSs have a fixed soliton separation, which is invariant to the laser operation condition. Numerical simulations confirm the experimental observations.
Introduction
Solitons are ubiquitous in nature and native in diverse fields such as fluid dynamics, molecular chains, spin waves, nonlinear optics, and Bose-Einstein condensates. In optics, the first optical soliton was observed in the single mode fiber (SMF) [1] , where the light propagation is governed by the nonlinear Schrodinger equation (NLSE). The equation is mathematically equivalent to the Gross-Pitaevskii equation that describes the matter wave soliton formation in the Bose-Einstein condensates [2] . Moreover, studies on the soliton formation in SMFs turned out that if the fiber birefringence could not be ignored, which is normally the case for a practical SMF, the light propagation in SMFs is governed by the coupled NLSEs. Various types of vector solitons have been theoretically predicted for light propagation in birefringent SMFs [3] - [5] . Early studies of vector solitons in fiber lasers revealed that group-velocity-locked vector solitons with evolving polarization and polarization-locked vector solitons could exist in fiber lasers [6] - [8] . Group-velocitylocked vector solitons without polarization evolution was observed both in Er-fiber lasers [9] and Tm-fiber lasers [10] . Optical dissipative solitons were also observed in mode-locked all-normaldispersion fiber lasers [11] , [12] , where the soliton dynamics is described by the complex Ginzburg-Landau equation (GLE). The same equation describes the dissipative structure formation in a variety of physical systems far from equilibrium [13] . In addition, either the polarizationlocked or polarization-rotating vector dissipative solitons (VDSs) were observed in weakly birefringent cavity fiber lasers [14] , despite the fact that a dissipative soliton is strongly frequency chirped. Recently, the generation of various dissipative soliton pairs or molecules in fiber lasers have been reported [15] - [19] .
A unique property of solitons is that they behave like particles displaying forces in their mutual interaction. For the NLSE solitons, it has been shown that the interaction of initially motionless solitons depends on the relative phase between them. In-phase solitons attract each other while out-of-phase solitons interact repulsively [20] . Interaction between dissipative solitons was theoretically investigated by Malomed [21] and Akhmediev et al. [22] . They have shown that bound states of dissipative solitons could be formed. Clear experimental evidence of bound states of dissipative solitons was reported [23] .
Because of their multi-component structure, vector solitons have richer interaction dynamics than their scalar one-component counterparts. Theoretically, Haelterman et al. have studied the interaction of two vector solitons in isotropic media and predicted the formation of stationary bound vector solitons [24] . They found that the bound vector solitons have the same phase in one component and phase difference in the other component. Yang et al. [25] studied the interaction of two widely separated vector solitons in the coupled NLSEs. It was found that vector solitons repel or attract each other depending not only on their relative phases but on their initial separation as well. Collision of incoherently coupled NLSE vector solitons was experimentally investigated by Rand et al. [26] . They firstly confirmed the phase dependent energy exchanging collisions of the vector solitons. Bound states of spatial vector solitons have also been experimentally observed [27] . Bound state of vector solitons with locked and precessing states of polarization were recently reported in a fiber laser operated in the anomalous dispersion regime [28] . However, so far no bound states of VDSs were reported in fiber lasers operated in the normal dispersion region.
In this paper, we report, to our knowledge, the first experimental observation of bound VDSs in a fiber laser operated in the normal dispersion region. We found experimentally that either the bound states of coherently coupled VDSs or the bound states of incoherently coupled VDSs could be formed (here the "coherently" refers to that the central wavelength of the two orthogonally polarized components of the VDS is nearly same, while the "incoherently" refers to that there is certain shift between the central wavelengths of the two orthogonally polarized components of the VDS), and the bound states of VDSs always have a fixed vector soliton separation, which is invariant with the laser operation condition. No polarization evolution was observed for either bound states of VDSs. Numerical simulations well agree with the experimental observations.
Experimental Setup and Observations
Our experiment was conducted on a fiber laser schematically shown in Fig. 1 . The laser has a ring cavity configuration and is passively mode locked with a fiber-pigtailed semiconductor saturable absorber mirror (SESAM). The SESAM has a saturable absorption of 8% and a fast recovery time of 2 ps. We used a 3-port polarization-independent circulator to incorporate the SESAM in the cavity. The circulator simultaneously forces the unidirectional operation of the ring cavity. To fine tune the cavity birefringence a fiber-based polarization controller (PC) was inserted in the cavity between the outgoing branch of the circulator and the output coupler. A 2.7 m erbiumdoped fiber (OFS EDF80) was used as the gain medium. The GVD parameter of the EDF is about −32 (ps/nm)/km. A wavelength-division-multiplexer (WDM) and a 10% output coupler were used to couple in the pump light and output the laser emission, respectively. The WDM and fiber coupler were made of the dispersion-compensating-fiber (DCF) with GVD parameter of about −2∼−6 (ps/nm)/km. The other fibers used in the cavity are standard SMFs with GVD parameter of about 16 (ps/nm)/km. The total cavity length is about 12.5 m. Backward pump scheme was adopted to possibly avoid the influence of the residual pump power. A fiber pigtailed polarization beam splitter (PBS) was externally used to separate the solitons along either of the orthogonal principal polarization axes of the cavity. The incoming pigtail of the PBS is made of a standard SMF and its two outgoing pigtails are made of polarization-maintaining fibers. To avoid influence of the fiber birefringence introduced by the fiber segments between the output coupler and the measurement devices, a fiber-based PC was inserted in between to compensate the extra fiber birefringence. Two 2 GHz photodetectors (Thorlab DET01CFC) and a 350 MHz oscilloscope (Agilent 54641A) were used to monitor the output pulse trains.
The total cavity dispersion is estimated to be 0.038 ps 2 . As no polarizing components were used in the cavity, it was found that immediately after mode locking, the mode locked pulses were automatically shaped into the VDSs. Depending on the strength of the net cavity birefringence, two types of VDSs were obtained. Apart from the similar steep spectral edges, in one case the polarization-resolved spectra of the VDSs have the nearly same central wavelength, while in the other case, the polarization-resolved spectra have an obvious offset on their central wavelengths. As no soliton polarization rotation or polarization evolution was observed in both cases [7] , we deduce that the former one should be a state of the coherently coupled VDS, while the latter one should be a state of the incoherently coupled VDS. In either state, simply increasing the pump power, multiple VDSs could appear.
Experimentally, we found that by carefully controlling the pump power and the cavity birefringence, bound states of the VDSs could be formed. Fig. 2 shows an example of the experimentally obtained bound state of VDSs. Fig. 2(a) shows the optical spectra of the state. "Total" refers to the direct output of the fiber laser, and "Horizontal axis" and "Vertical axis" refer to the polarization-resolved output after the PBS. The different central wavelengths of the polarization-resolved spectra suggest that the VDSs are an incoherently coupled vector soliton. Fig. 2  (b) is the zoom-in of the spectra with 10 times resolution. The spectral modulation depth is much larger compared with that in Fig. 2(a) , for example, the spectral modulation depth of the "Total" is ∼6 dB in Fig. 2(b) instead of ∼2 dB in Fig. 2(a) . It is caused by the optical spectrum analyzer (OSA) itself with higher resolution. The highest resolution of the OSA is 0.01 nm, which is adopted in Fig. 2(b) . The spectral modulations of the polarization-resolved components have the same period of 0.09 nm. Fig. 2(c) shows the polarization-resolved oscilloscope traces of the bound state of VDSs. No polarization evolution was observed [7] , [9] . Due to the low resolution of the detection system, the bound VDSs could not be resolved in Fig. 2(c) . Measured with a high-speed oscilloscope (Agilent 86100A) and a 45 GHz photodetector (New Focus 1014), the internal structure of the bound state could be resolved, as shown in Fig. 2(d) , where two VDSs were bound together with a spacing of about 91 ps. The temporal profile of one polarizationresolved component was also shown in Fig. 2(d) . Experimentally it is easy to distinguish whether the two pulses of the bound state have the same state of polarization or not. When we rotate the paddles of the external PC, the intensity of the pulse train of the polarization-resolved components of the bound state always show simultaneously increasing or decreasing, which clearly suggests that the two pulses of the bound state have the same state of polarization. The pulse spacing matches the 0.09 nm spectral modulation. Autocorrelation measurement further shows that the two polarization components of the VDSs have pulse durations of 19.5 ps and 17.1 ps, respectively, while the total VDS has a pulse duration of 20.3 ps, if a Sech 2 pulse profile is assumed. The corresponding 3-dB bandwidths of them are 4.54 nm, 4.66 nm, and 4.58 nm, respectively. Therefore, their time-bandwidth-products are 10.8, 9.7, and 11.3. The results clearly suggest that both components of the VDS are chirped pulses. The pulse spacing of 91 ps is smaller than 5 times of soliton duration, indicating that the two VDSs interact directly [29] . Fig. 3 shows another bound state of the VDSs. The temporal spacing between the two bound VDSs is still 91 ps. Again, no polarization evolution was observed either for the total output or the two polarization components. The optical spectra of the state are shown in Fig. 3(a) . The spectral amplitude of the two polarization components differs about 25 dB. Experimentally we verified that the extinction ratio of the PBS is about 30 dB. The insertion loss of the measurement connection along either polarization branch is less than 4 dB. Therefore, the horizontal polarization component is not the projection of the vertical polarization component. In addition, the central wavelengths and steep spectral edges of the two polarization-resolved spectra almost coincide, indicating that the components of VDS are coherently coupled. Fig. 3(b) shows the zoom-in of the spectra with 10 times of resolution. The spectral modulation period is again 0.09 nm, which agrees with the temporal spacing of 91 ps of the two VDSs.
Experimentally, we found that once the bound states of the VDSs were formed, varying the pump power within the range that supports two VDSs, or under fixed pump power, slightly varying the cavity birefringence, the bound states of VDSs would not be destroyed, as long as the VDS survived. In particular, the vector soliton separation is invariant with the laser operation condition change.
Numerical Simulations
To verify our experimental observations, we further numerically simulated the laser operation based on the coupled GLEs and the pulse tracing technique described in [29] . To reproduce the experimental situation, the following parameters were used: the nonlinear coefficient ¼ 3 W À1 km À1 , the gain bandwidth g nm, the normalized saturation energy P sat ¼ 150 pJ, the second order dispersion coefficient k 00 SMF ¼ À20:4 ps 2 =km, k 00 EDF ¼ 51:1 ps 2 =km, k 00 DCF ¼ 7:7 ps 2 =km, k 000 ¼ À0:13 ps 3 =km, the absorber normalized saturation energy E sat ¼ 100 pJ, the initial saturable absorption of the SESAM l 0 ¼ 0:08, and the absorption recovery time T rec ¼ 2 ps. Numerically, we found that when the cavity beat length was selected as L b ¼ L=2 and the small signal gain coefficient G ¼ 100 km À1 , a bound state of two incoherently coupled VDSs could be formed, as shown in Fig. 4 . Fig. 4(a) shows the polarization-resolved spectra of the bound VDSs. Fig. 4(b) is the zoom-in of the spectra. Wavelength shift between the two polarization components is clear if we counted on the spectral edges as shown in Fig. 4(a) . Fig. 4 (c) is the corresponding temporal profiles. The vector solitons have a separation of about 90 ps, which agrees with the period of spectral modulation of around 0.09 nm. The bound state could be numerically maintained within a certain range of the laser gain and cavity birefringence change, which agrees qualitatively with the experimental observations. 5 shows the bound state of coherently coupled VDSs, which was numerically obtained when the cavity beat length was selected as L b ¼ L=0:05. Fig. 5(a) shows the polarizationresolved spectra of the bound VDSs, and Fig. 5(b) is the zoom-in one. The two bound VDSs have a soliton separation of about 90 ps, and the corresponding spectral modulation period is about 0.09 nm. The spectral amplitude difference is ∼25 dB, which agrees with the experimental observation.
Discussion
To reproduce the details of a broad time window and the spectral modulation with a period of about 0.1 nm, a superfine grid is needed for the numerical simulation, which will cause heavy computer consumption. The determined grid is the compromise between the computer consumption and the degree of duplication. Depending on the cavity birefringence, either coherently or incoherently coupled VDS could be generated in fiber lasers operated in the normal dispersion regime. Numerous simulation suggests that the coherently coupled VDS only appear when the cavity birefringence is small, for example, L b ¼ L=0:05. However, the spectral amplitude difference is large, which suggests that it is a cross-polarization-coupling-induced vector soliton [30] rather than a cross-phase-modulation-induced vector soliton under weak birefringence [9] , [10] . Numerically, we found that the large spectral amplitude difference is a general case for vector solitons if the cavity birefringence is weak no matter the cavity dispersion is anomalous [9] or normal [31] . We suspect that the gain competition still exists for the two polarization directions even for the same central wavelength (coherently coupling). Consequently, the large spectral amplitude difference is resulted in. Comparable spectral amplitudes of the two orthogonal polarization components only appear for the incoherently coupled VDSs. No in-between value of the spectral amplitude difference (larger than 25 dB and less than 5 dB) was obtained in the experiments. Bound states based on either coherently or incoherently coupled VDSs emerge with the increasing pump power. However, the appearance of the bound states did not change the fundamental VDS. We note that the spectral intensity modulation in the simulation result is far larger than that of experimental results. So far, we are not clear about the exact reason. One plausible explanation may be the large difference between the slow scanning time (ms) of the OSA and the fast cavity round trip time (ns), which blurs the spectral intensity modulation. 
Conclusion
In summary, we have first experimentally observed bound states of VDSs in fiber lasers operated in the normal dispersion region. Bound states of either the coherently coupled or the incoherently coupled VDSs were experimentally observed. All the VDSs are group-velocity-locked vector solitons without polarization evolution. For the coherently coupled VDSs, the two orthogonal polarization components could have large spectral amplitude difference, which suggests that the individual VDS is a cross-polarization-coupling-induced vector soliton; for the incoherently coupled VDSs, the peak power difference of the two polarization components is small. Numerical simulations reproduce the experimental observations. It is shown that VDSs could also form the bound state despite of the fact that each component of the VDSs is frequency chirped. Based on our experimental result, we believe that the observed bound states of VDSs could be a result of the direct vector soliton interaction. Our experimental results suggest that the mode locked fiber lasers are an excellent test-bed for the experimental study of the various dynamics of vector solitons.
